Abstract The development of podocyte injury and albuminuria in various glomerular pathologies is still incompletely understood due to technical limitations in studying the glomerular filtration barrier (GFB) in real-time. We aimed to directly visualize the early morphological and functional changes of the GFB during the development of focal segmental glomerulosclerosis (FSGS) using a combination of transmission electron microscopy (TEM) and in vivo multiphoton microscopy (MPM) in the rat puromycin aminonucleoside (PAN) model. We hypothesized that this combined TEM + MPM experimental approach would provide a major technical improvement that would benefit our mechanistic understanding of podocyte detachment. Male Sprague-Dawley (for TEM) or Munich-Wistar-Frömter (for MPM) rats were given a single dose of 100-150 mg/kg body weight PAN i.p. and were either sacrificed and the kidneys processed for TEM or surgically instrumented for in vivo MPM imaging at various times 2-14 days after PAN administration. Both techniques demonstrated hypertrophy and cystic dilatations of the subpodocyte space that developed as early as 2-3 days after PAN. Adhesions of the visceral epithelium to the parietal Bowman's capsule (synechiae) appeared at days 8-10. TEM provided unmatched resolution of podocyte foot process remodeling, while MPM revealed the rapid dynamics of pseudocyst filling, emptying, and rupture, as well as endothelial and podocyte injury, misdirected filtration, and podocyte shedding. Due to the complementary advantages of TEM and MPM, this combined approach can provide an unusally comprehensive and dynamic portrayal of the alterations in podocyte morphology and function during FSGS development. The results advance our understanding of the role and importance of the various cell types, hemodynamics, and mechanical forces in the development of glomerular pathology.
Introduction
The mechanistic understanding of important glomerular disease processes including the development of albuminuria and glomerulosclerosis has been limited due to the technical difficulty in studying the glomerular filtration barrier (GFB) in real-time. Podocytes are one of the key cell types of the GFB and play important roles in the maintenance of the normal healthy GFB and in the development of glomerular pathologies. However, podocytes are rather inaccessible renal cell types that have been traditionally studied in cultured cell systems in vitro and in fixed static tissue samples [12, 23] . For the highest resolution imaging of podocyte architecture, scanning and transmission electron microscopies (TEM) have been the gold standard methods for decades [7, 8, 10, 12, 20] . In fact, our current knowledge and mechanistic understanding of the processes of podocyte injury and detachment are largely based on TEM [12, 14, 18] .
However, TEM of fixed renal tissues has obvious inherent limitations for studying dynamic processes of the living kidney and podocytes. For the study of podocytes in vivo in the intact kidney, different modalities of intravital multiphoton microscopy (MPM) have emerged in the past few years [2, 5, 6, 9, [24] [25] [26] 32] . Thanks to MPM, it is now possible not only to study the three-dimensional architecture and cellular complexity of the GFB [5, 27] but also most importantly to quantitatively visualize the many dynamic functional features of glomerular filtration [2, 9] , capillary blood flow [2, 9, 24, 27] , albumin leakage [1, 21, 27, 30, 32] , podocyte calcium [1] , motility [1, 5, 27, 34] , and detachment in vivo [27] . Also, the interactions between glomerular endothelial and mesangial cells and podocytes in the intact living rat and mouse kidney can be visualized with MPM in great detail [27] .
With the ultimate goal of improving our understanding of the mechanisms of glomerular pathology and albuminuria development, several animal models of glomerular injury including focal segmental glomerulosclerosis (FSGS) have been developed. In the present work, the puromycin aminonucleoside (PAN) model of FSGS, a classic rat model of glomerular pathology [7, 8, 10] , was used with a special imaging approach that combined TEM and in vivo MPM studies. The purpose of this study was to provide a comprehensive and dynamic portrayal of the alterations in podocyte ultrastructure (with both TEM and MPM) and correlate these with the temporal features of podocyte detachment and GFB dysfunction (with MPM) in the intact living kidney during FSGS development. We hypothesized that this combined TEM + MPM experimental approach would improve our mechanistic understanding of podocyte detachment and glomerular pathologies.
Methods

Experimental protocol and animals
The experimental protocols for the in vivo experiments were approved by the Institutional Animal Care and Use Committee of the University of Southern California; the structural studies were conducted in accordance with the National Research Council guidlines for the Care and Use of laboratory animals of Juntendo University, Tokyo. As described before male Sprague-Dawley (for TEM) or Munich-Wistar-Fromter (for MPM) rats (200-450 g, Harlan, Madison, WI) were given a single dose of 100 mg/kg body weight PAN i.p. (in vivo studies), or 150 mg/kg body weight (in structural studies) [10] , and were either sacrificed and the kidneys processed for transmission electron microscopy (TEM) or surgically instrumented for in vivo MPM imaging at various times 2-14 days after PAN.
Transmission electron microscopy
Male Sprague-Dawley rats treated with PAN were sacrificed, and the kidneys processed for TEM as described previously [7, 8, 20] . Briefly, under pentobarbital anesthesia and without preceding flushing of the vasculature, the animals were directly perfused with a 1.0% glutaraldehyde, 0.1 M phosphate buffer (pH 7.3) solution for 4 min through a retrograde cannula inserted into the abdominal aorta. Cortical tissue of the kidneys was excised with razor blades as 2 × 2 × 3 mm pieces and immersed in the same fixative at 4°C for 2 h, subsequently postfixed in 1% osmium tetroxide for 1 h. After washing with 0.1 M phosphate buffer (pH 7.3), the tissue was processed for TEM by standard procedures and embedded in Epon 812. Ultrathin sections were cut on an Ultracut E microtome (Reichert-Jung, Nussloch, Germany), stained with uranyl acetate and lead citrate and examined with a Philips 301 electron microscope at 80 kV.
Multiphoton microscopy
Munich-Wistar-Fromter rats were anesthetized with thiobutabarbital (Inactin, 130 mg/kg body wt, Sigma). A trachea tube was placed to facilitate breathing, and the right carotid artery was cannulated for dye infusions. Alexa Fluor 594-conjugated bovine serum albumin (100 μl of a 10 mg/ml stock in iv bolus, Invitrogen) was injected i.v. to label the vasculature. Lucifer yellow (LY), a 0.4-kD freely filterable, but cell membrane impermeable, small molecule was infused continuously into the carotid artery (10 μl/min of 12.5 mg/ml stock solution, Invitrogen) to label the primary filtrate in the Bowman's space. In some experiments, the cell nuclei were labeled using Hoechst33342 (100 μl of a 25 mg/ml stock in iv bolus, Invitrogen). The left kidney was exteriorized through a flank incision, and the animal was placed on the microscope stage as described previously [9] . Body temperature was maintained with a homeothermic blanket system (Harvard Apparatus). Optical sectioning of the intact kidney in vivo was performed using a Leica TCS SP5 multiphoton confocal fluorescence imaging system (Leica Microsystems, Heidelberg, Germany) with a × 63 Leica glycerineimmersion objective (NA 1.3) powered by a Chameleon Ultra-II MP laser at 860-920 nm (coherent) and a DMI 6000 inverted microscope's external nondescanned detectors with TRITC (red channel) and FITC (green channel) filters.
Fluorescence intensity measurements were performed in timelapse (xyt) mode in multiple regions of interest (ROI) in the Bowman's space, the podocyte pseudocysts, and the periglomerular interstitium. Pseudocyst volume changes were measured based on detecting LY or Alexa594-Albumin fluorescence pixel numbers in ROIs drawn closely over the largest pseudocyst perimeter using the Quantify package of LAS AF Lite software (2.0.2 build 2038, Leica Microsystems).
Results
To visualize the development and the different stages of podocyte injury in the commonly used PAN rat model, the animals were either sacrificed and the kidneys processed for TEM or surgically instrumented for in vivo MPM imaging at various times 2-14 days after PAN. TEM performed on tissue samples harvested 4 and 8 days after PAN treatment showed stereotypical changes in podocyte and glomerular architecture that involved all glomeruli and always the entire glomerulus as illustrated in Fig. 1a . Most prominent were the appearance of numerous podocyte pseudocysts and the wide replacement of the pattern of interdigitating foot processes by Bfoot process effacement (FPE)^already 4 days after PAN treatment. Thus, the floor of most pseudocysts was covered by FPE; in some areas and also in some pseudocysts, a normal interdigitating FP-pattern was still seen (Fig. 1b, c) . The content of pseudocysts varied in density likely reflecting different albumin concentrations of cyst fluid. At various sites, but not ubiquitously, podocytes contained accumulations of vacuoles filled with a homogenous matrix of various density (Fig. 1c) .
After 8 days of treatment, a dramatic progression of damages was seen (Fig. 1d-f) . A normal FP pattern was no longer visible. Instead and in addition to an ubiquitous occurrence of FPE, circumscribed glomerular basement membrane (GBM) areas deprived of any podocyte cover were encountered at many sites (Fig. 1d ). This disconnection of podocyte processes from the GBM must be considered as the starting injury of podocyte detachment. Overarching those bare GBM areas, a second type of small pseudocysts developed, the floor of which consisted of naked GBM. Since all the cyst spaces were in communication with each other at many sites, filtrate from behind the GBM into Bowman's space had to pass these labyrinthine spaces. Prominent at this stage of damage were also the varying forms of adhesions of the tuft to Bowman's capsule (Fig. 1e, f) . The nidus for the formation of a tuft adhesion to Bowman's capsule consists of the touch of a podocyte, most frequently of one of its pseudocysts with the parietal epithelium. This contact will progress to adhesions/crescents of great variability in their composition of capillary loops, podocytes, parietal epithelial cells, parietal basement membrane (PBM), and other extracellular matrices as well as interstitial cells. Two of those adhesions are shown in Fig. 1e , f, whereas in Fig. 1e , a barrier of cells and PBM between Bowman's space and the interstitium is still present. In Fig. 1f there seems to be a free communication between both compartments.
Intravital MPM imaging performed at varying times after PAN treatment perfectly replicated the above findings on podocyte structural alterations. The use of fluorescent tracer molecules allowed us to label and clearly identify the different anatomical (e.g., cell nuclei) and fluid compartments within the glomerulus (e.g., the capillary plasma and Bowman's space) and to track the permeability of high MW (albumin) and low MW (Lucifer yellow, LY) plasma markers through the GFB. We found that the vascular endothelium and mesangial cells endocytosed LY intensely and therefore these cells were labeled, as opposed to normal podocytes and parietal cells that did not show any signs of dye uptake and remained dark and unlabeled during the MPM imaging sessions (Fig. 2a) . Earlier MPM imaging work from our laboratory described the aging-related, spontaneously developing glomerular pathology that is typical of old Munich-WistarFromter rats [30] . In the present work, the use of gender and age-matched rats that have not been treated with PAN confirmed the lack of obvious, pre-existing glomerular pathology (Fig. 2a) .
In contrast to normal glomerular structure ( Fig. 2a ), a few podocytes showed enlarged, balled up shape of cell body (large dark cells around the glomerular capillaries) as the first sign of injury within 2-3 days after PAN (Fig. 2b) . Numerous small and large pseudocysts, which contained LY-labeled fluid, developed in podocytes by 4 days after PAN treatment (Fig. 2c ). Over time, as a reflection and functional readout of the level of GFB integrity under the pseudocysts, the fluorescence of cyst fluid became variable. Green (LY containing), yellow (mixed), and red (albumin containing) pseudocysts were all present around the entire glomerulus ( Fig. 2d-f ). The largest podocyte pseudocysts, as the core structure, formed focal adhesions of the glomerular tuft to the parietal Bowman's capsule (synechiae) 7-10 days after PAN (Fig. 2d, e) . Intact, healthy podocytes (normal shape and no albumin permeability) were also observed making contact with parietal cells in other glomerular regions, but never developed synechiae. Numerous densely packed small cells that appeared to be migrating were observed on the outside of the core cysts, forming a continuous cell layer (bridge) between podocytes and parietal cells (Fig. 2e) . Injured podocytes around the synechiae contained green/yellow/red-labeled intracellular vesicles (Fig. 1e) , while this was never observed in healthy looking podocytes in other glomerular regions. The GBM was also identified and visible with MPM based on its green labeling by LY (Fig. 2e) . In later stages (14 days after PAN), crescent-like multilayered Bowman's capsules consisting of numerous cells and LYfilled fluid spaces were found surrounding barely perfused glomeruli (Fig. 2f) .
To quantitatively visualize the dynamic temporal changes of stereotypical pathological features including pseudocyst volume, misdirected filtration, and podocyte shedding, timelapse MPM imaging of the same glomeruli was performed for several minutes. When the same optical section of glomeruli at constant depth was observed over time, MPM imaging identified several albumin-containing pseudocysts with steadystate volume. However, numerous pseudocysts showed either single or regularly oscillating episodes of filling and emptying as illustrated in Supplement movie 1 and in Fig. 3a-c . Analysis of the temporal profile of podocyte pseudocyst volume changes (Fig. 3c) confirmed the variability of this phenomenon, with random filling or emptying of some but not all pseudocysts, and multiple volume oscillations (one in every 10-60 s) in a few pseudocysts.
Time-lapse in vivo MPM imaging also visualized the presence and rapid dynamics of misdirected filtration after PAN treatment. Bolus injection of the freely filtered LY into the Fig. 1 Transmission electron micrographs illustrating changes in podocyte morphology after puromycin aminonucleoside (PAN) treatment. In b-f, the GBM is highlighted in yellow, capillary lumens in green; in e and f, in addition, the parietal basement membrane (PBM) is shown in brown. a Overview of a whole glomerular profile showing that podocyte pseudocyst (asterisks) development concerns the entire glomerulus. Due to the many pseudocysts, the glomerular tuft appears hypertrophied. b Enlarged view of a pseudocyst (asterisk), the floor of which is still made up of interdigitating foot processes (arrows in the inset). c Glomerular area with pseudocysts of different sizes (asterisks), the floor of which mostly shows foot process effacement (arrow in the inset). Note the varying density of pseudocyst content likely reflecting different albumin concentrations. The accumulation of intracellular vesicles (lysosomes) of varying density is also visible in injured podocytes (arrowheads). d Advanced stage of damage with many pseudocysts (asterisks) and many areas of bare GBM where podocytes were detached (red dots). At those sites, in addition to large pseudocysts (asterisks), secondary small pseudocysts (enlarged in the inset) have developed that regularly communicate with the large pseudocysts (not encountered in this section). Accumulations of intracellular vesicles in podocytes are also seen. e Tuft adhesion to Bowman's capsule. Podocytes with pseudocysts (asterisks) attach to the parietal epithelium (P) or parietal basement membrane (PBM; highlighted in brown). The integrity of the parietal epithelium is already lost; instead, fluid accumulation is seen (star). Outside the PBM loose connective tissue has settled. carotid artery labeled the passage of primary filtrate not only into the proximal tubule but also into specific focal interstitial regions outside the glomerulus, usually adjacent to an existing synechia ( Fig. 4a-c; Supplement movie 2) . Analysis of the temporal profile of LY fluorescence intensity changes (Fig.  4e) showed that the glomerular filtrate passes into Bowman's capsule/proximal tubule and the periglomerular focal interstitium essentially simultaneously. In addition, not only the low MW LY but also the high MW albumin is filtered into the periglomerular interstitium, which is taken up by numerous cells surrounding the region around the synechia (Fig.  4d) . Glomerular leakage and proximal tubule uptake of albumin were also visible after PAN treatment (Fig. 4d) . Optical sectioning (z-stack) of the synechia shown in Fig. 4d is available in Supplement movie 3. Finally, MPM was used to visualize the development of structural changes and dynamics of podocyte shedding. Timelapse images captured the rapid and significant enlargement and rupture of pseudocysts within 60 s, as well as the shedding of cell debris ( Fig. 5a-c ; Supplement movies 4-5). On multiple occasions, endothelial cell detachment and microthrombi were observed in the glomerular capillary directly adjacent to the injured podocyte, which appeared to form prior to pseudocyst expansion and podocyte shedding ( Fig. 5a-c ; Supplement movies 4-5). Albumin-containing vesicles were also found shedding into the filtrate in the Bowman's space (Fig. 5d) . Analysis of the dynamic changes in podocyte pseudocyst volume (Fig. 5e) found rapid and robust, approximately tenfold expansion in volume within 60 s.
Discussion
The present study performed a comprehensive morphological and functional analysis of the development of PAN-induced glomerular pathology in the rat kidney, with the goal to improve our mechanistic understanding of the underlying disease processes. For the first time, TEM of fixed histological renal tissue sections was combined with separate intravital MPM imaging performed over the same time period in the same rat PAN model of FSGS. This experimental approach represents a major technical improvement for the kidney and podocyte research, because it combines the unique advantages of the two imaging techniques, high spatial resolution of glomerular ultrastructure (with TEM), and time-lapse functional analysis of the intact living kidney (with intravital MPM). Accordingly, this study provided new visual clues and mechanistic insights on podocyte injury and detachment, allowed us to make GFB structure-function correlations, and established new temporal features of the development of podocyte and glomerular dysfunction. None of the currently available other experimental approaches and techniques are capable of achieving these.
There is full agreement in the depiction of the alterations in glomerular and podocyte architecture after PAN treatment between TEM and in vivo MPM. The changes as seen by TEM largely correspond to the changes in other glomerular disease models in rats progressing to FSGS [12, 14] , including unilateral nephrectomy [20] , DOCA-salt-hypertension [11] , growth stimulation by FGF2 treatment [13] , Masugi nephritis [12, 14, 18, 20, 33] , etc. The stereotypical course of damage progression in these quite different models is accounted for (i) that a failure of the podocyte is the common culprit and (ii) that, though the risks of podocyte failure are different, finally mechanical forces (tensile and shear stress of filtration) lead to the process of the gradual detachment of injured podocytes. The first step in this process is FPE, a protective response of podocytes to decrease their susceptibility to a disconnection from the GBM [12, 14, 18, 20] . If this measure fails, local detachments of FPs will lead to uncontrolled filtrate flows through bare areas of GBM (Fig. 1d) . Thereafter, the filtrate has to pass the intricate subpodocyte spaces (i.e., the communicating system of pseudocysts) before reaching Bowman's space. On this way, the dynamic forces of flow will tend to drag podocytes toward the urinary orifice. Pseudocysts develop in all of the abovementioned models; they seem to be very prominent in the PAN model. Adhesions of the tuft to Bowman's capsule followed by crescent formation represents the unifying mechanism how a glomerular disease encroaches upon the tubulo-interstitium and progresses to the loss of the entire nephron. The formation of tuft adhesions/synechiae appears to be a slow process.
Time-lapse MPM imaging of several early-phase adhesions for several hours showed no obvious morphological or functional changes associated with their development (not shown). The formation of a tuft adhesion starts with the establishment of bridges between the tuft and Bowman's capsule involving podocytes and parietal cells as first shown in an inflammatory model [19] . Recent genetic cell fate mapping studies have confirmed these results and clarified the role of podocytes and parietal epithelial cells as well as the interaction between both in more detail [5, 36] . When comparing various models or even individual manifestations in the same model, the courses from the initial touch between podocyte and parietal cells to the encroachment onto the tubulo-interstitium seem to be very variable. With respect to the present results in the PAN model, the early break of the parietal barrier including the PBM (Fig. 1f) was surprising but fully agreed with the MPM observations (Figs. 4 and 5) .
The combination of TEM and MPM in the present study proved to be highly valuable for improving our understanding of glomerular pathology development. Due to their unique and complementary advantages, TEM provided unmatched resolution of podocyte foot process remodeling after PAN ( Fig. 1 ; a capability that MPM does not have), while MPM revealed the rapid dynamics of pseudocyst filling, emptying, and rupture, endothelial and podocyte injury, misdirected filtration, and podocyte shedding (Figs. 2, 3 , 4, and 5; capabilities that TEM does not have). One example for the benefit of such a combined approach is the better understanding of pseudocyst development, function, and albumin permeability. TEM found variability of GFB ultrastructure at the base of pseudocysts after PAN (normal, effaced, and bare GBM areas) and varying density of cyst content that likely reflected different albumin concentrations of cyst fluid (Fig.  1c, d ). Intravital MPM confirmed this functionally by the visualization of green (LY containing), yellow (mixed), and red (albumin containing) pseudocysts that were all found within a single glomerulus (Fig. 2d-f) and likely reflected the level of GFB integrity under the pseudocysts (normal/partly effaced, partly effaced/bare GBM, mainly bare GBM, respectively). Also, the observation of different density vesicles with TEM (Fig. 1c, d ) and green/yellow/red-labeled intracellular vesicles in injured podocytes around synechiae with MPM ( Fig. 2e) suggested that in addition to lysosomes, injured podocytes have LY and albumin-containing endosomes. For additional benefit and synergy between the two techniques, future work may expand the combined TEM + MPM approach to studies in the same animal, i.e., MPM intravital imaging followed by TEM analysis upon fixation of the same kidney. Time-lapse in vivo MPM imaging visualized the dynamics of pseudocyst filling, emptying, and rupture, as well as endothelial and podocyte injury, misdirected filtration, and podocyte shedding. Supplement movies 1, 2, 3, 4, and 5 demonstrate these processes and their respective figures (Figs. 2,  3 , 4, and 5) provide quantitative analysis of their dynamic features. The reversible filling and emptying of large pseudocysts, especially those that showed slow regular oscillations in cyst volume every 10-60 s (Fig. 3c) suggest that this phenomenon is linked to the constantly oscillating high glomerular hemodynamic forces that podocytes are physiologically exposed to. Using MPM imaging, we recently visualized the two-component oscillations in single nephron GFR and glomerular blood flow with faster (cycle time about 10 s) and slower (cycle time about 50 s) elements that are consequences of the aff erent ar teriole myogenic and tubuloglomerular feedback (TGF) mechanisms, respectively [9, 27] . The closing of the narrow exit clefts from the Bsubcellbody spaces^(later called subpodocyte spaces (SPS) [22] ) that lead to a bulging of podocyte cell bodies has first been shown in an UNX model of FSGS [20] . The opening/ closing of these clefts may also be involved in pseudocyst volume changes. Previous MPM imaging studies confirmed that podocyte pseudocysts are large dilatations of the recently re-discovered SPS [27] , a labyrinthine fluid space between the underside of the podocyte cell body and the foot processes [22, 31] .
The other, potentially even more robust hemodynamic (mechanical) force behind pseudocyst volume expansion could be the acute elevations in glomerular capillary pressure due to the formation of local capillary microthrombi. MPM imaging observed that the most robust expansions and eventually the rupture of pseudocysts were almost always associated with prior formation of small, focal microthrombi in the adjacent glomerular capillary ( Fig. 5 ; Supplement movies [4] [5] . The focal thrombotic microangiopathy may be the result of direct endothelial toxicity of PAN (similarly to the effect of adriamycin in mouse models [37] ) or secondarily due to podocyte injury. The interdependence of podocyteendothelium dysfunction and injury that involves microthrombus formation has been visualized with MPM in an earlier report [27] . Also, recent works reported the importance of glomerular endothelial mitochondrial dysfunction and disruption of the endothelial glycocalyx in endothelial and podocyte crosstalk, albuminuria, and glomerulosclerosis development [4, 28] . Based on the data shown in Fig. 5 and in Supplement movies 4-5, the sudden rupture of a large pseudocyst seems to have the effect of a dam break, leading to enormous filtrate flows and filling of the small pseudocysts that then start the final process of podocyte detachment. The high local filtrate flows that occur when the pseudocyst opens, will be associated with dramatic increases in shear stress and, possibly, this challenge is crucial for podocyte detachment. In fact, the critical pathogenic importance of podocyte shear stress created by the filtrate flow was recently reported and discussed [15] [16] [17] . The above listed GFB and capillary forces, the constantly oscillating local hemodynamics, interdependence with endothelial injury and microthrombi, the continuous filling and emptying (and rupture) of podocyte pseudocysts, and the shear stress of filtration all emphasize the key role of mechanical factors in podocyte detachment.
The use of several fluorescent plasma and fluid tracers for MPM imaging studies has been described previously [2, 9, 21, 24, 27, 35] . LY is a valuable and easy to use fluid marker that is freely filtered, and has been used in the past to visualize the glomerular filtration process, Bowman's space, glomerular epithelial cells (in negative) and to quantitate SNGFR [9, 27, 29] . LY was used in conjunction with the rat PAN model in a recent preliminary work [27] . In the present study, LY was used to help visualize glomerular architecture (Fig. 2) and the process of misdirected filtration (Fig. 4) , a classic phenomenon in the injured glomerulus where tuft adhesions (synechiae) are present [12] . Figure 4a -c, e demonstrates that the filtration into the periglomerular interstitial area around a synechia is essentially simultaneous with filtration into the Bowman's space and to the early proximal tubule. This suggests minimal resistance of the synechia wall to fluid flow corroborating with TEM observations (Fig. 1f) . Importantly, focal leakage of albumin to the interstitium surrounding the tuft adhesion was also present. Consistent with the pathogenic effect of interstitial albumin, several periglomerular cells in the synechia area (likely immune cells) appeared to endocytose albumin (Fig. 4d) . Recent MPM imaging and other experiments showed albumin endocytosis by podocytes [3, 32] as well as the release of these albumin-vesicles into the urinary space [32] . The present study confirmed the presence and passage of albumin-containing vesicles in the Bowman's space in the rat PAN model. A recent report documented the rupture of albumin-containing pseudocysts that resulted in the emptying of the high albumin-containing cyst fluid into the Bowman's space and downstream the nephron [25] . Albumin endocytosis by injured podocytes and the rupture of albumincontaining large pseudocysts are likely alternative mechanisms of albumin leakage through the GFB that contribute to the development of albuminuria.
In summary, the present study used a combined TEM + MPM experimental approach and captured classic morphological and new functional and temporal features of the development of podocyte injury. This combined approach provides major technical improvements over earlier methods and improves the mechanistic understanding of glomerular pathologies. Since intravital MPM has become a widely available and commonly used experimental technique included in kidney research, future applications of similar combined TEM + MPM approaches are feasible and practical for studying other models of glomerular and kidney diseases.
